The aim of this study was to examine the lifespan or number of cycles to failure of tapered rotary nickel-titanium (Ni-Ti) endodontic instruments. Simulated root canals with different curvatures were used to determine a relation between canal curvature and instrument lifespan. Using a novel mathematical model for the deformation of pseudoelastic Ni-Ti alloy, it was shown that maximum stress need not necessarily occur at the outer layer. On the basis of this observation, the Coffi n-Manson relation was modifi ed with parameters determined from this experiment. Results showed that the number of cycles to failure was infl uenced by the angle and radius of canal curvature and the size of instrument at the beginning of canal curvature. The resulting quantitative mathematical relation could be used to predict the lifespan of rotary Ni-Ti endodontic instruments under clinical conditions and thereby reduce the incidence of instrument failure in vivo.
INTRODUCTION
Well recognized and highly acclaimed for their shape memory and superelastic properties, nickel-titanium (Ni-Ti) alloys are widely used in many dental and medical applications. Combining the original fi le design with their unique mechanical properties, engine-driven, rotary, endodontic instruments made of Ni-Ti alloys are capable of achieving faster and easier root canal preparation, particularly in negotiating curved canals. However, rotary Ni-Ti endodontic instruments are also capable of falling prey to unpredictable fractures without any visible signs of previous permanent deformation 1) . For endodontic instruments used in rotary motion, they typically fail as a result of torsional fracture or cyclic fl exural fatigue 2) . Torsional failure occurs when the tip or any part of the instrument is locked in a canal while the shaft continues to rotate, exerting suffi cient torque to fracture the tip. Cyclic fl exural fatigue occurs with rotation in curved canals, generally over time due to normal bending stress as the instrument fl exes at the point of curvature, in the absence of any torque acting on the instrument.
Based on data from published literature, cyclic fatigue seems to be a prevalent cause for the clinical fracture of rotary Ni-Ti endodontic instruments 3−5) . Therefore, the purpose of this study was to examine the lifespan of rotary Ni-Ti endodontic instruments via simulated root canals with different curvatures. By connecting experimental data to relations formulated by Achenbach et al. 6) , Atanackovic and Achenbach 7) , Meyers and Kumar 8) and Zbiciak 9) to simulate the pseudoplastic behaviour of Ni-Ti shape memory alloys when under cyclic loading, a novel mathematical model was derived which could be used to predict the bending fatigue life of rotary Ni-Ti endodontic instruments.
MATERIALS AND METHODS

Artifi cial root canals with different curvatures
Twenty new rotary Ni-Ti endodontic instruments, BioRaCe (BR3 25/0.06, FKG Dentaire S.A., Chaux-deFonds, Switzerland; Lot No.: 16927), were randomly divided into two cyclic fatigue test groups (n=10 per group) according to the curvature of artifi cial root canal. Taper or conicity of the instrument was 0.06, meaning that the instrument diameter increased by 0.06 mm for each millimeter of length 10) . A thermoplastic guttapercha cone (Roeko Greater Taper guttapercha points, 30/0.06, Coltène/Whaledent, Langenau, Germany; Ref: 361846, Lot No.:215707) was used for impressiontaking to fabricate the artifi cial root canals. To ensure the accuracy of both the taper and artifi cial root canal dimensions, both rotary Ni-Ti endodontic instrument BR3 and thermoplastic gutta-percha cone were photographed using a high-resolution digital camera (Nikon Digital Camera D 3000, Nikon Corp., Japan). Lines were drawn on both sides of each image, and the outermost diameters at each millimeter from the tip along the axis of the instrument and gutta-percha cone were measured using AutoCAD (AutoCAD 2009, Autodesk Inc., San Rafael, CA, USA), as shown in Fig. 1 .
Gutta-percha cone was bent and fi xed with an epoxy glue on a glass plate according to the canal curvatures of human permanent teeth, as measured by Schäfer et al. 11) . Impression of curved gutta-percha cone was taken using a two-component, addition-cured, siliconebased impression material of light-bodied consistency/ Geometric analysis of the bent instrument positioned in artifi cial canal was performed on digital images using AutoCAD. Angle and radius at the point of curvature were thus determined, as shown in Fig. 2 . In addition, circumscribed circular diameter of the instrument at the beginning of canal curvature was measured. This value was important for subsequent mathematical modeling.
Cyclic fatigue test
The cyclic fatigue test setup consisted of a main frame with a mobile support for the handpiece and a stainless steel block with the artifi cial canal. Endodontic instrument was rotated using a torque-controlled endodontic motor (XSmart, Dentsply-Maillefer, Ballaigues, Switzerland) with a reduction handpiece. According to manufacturer's instruction, BioRaCe instruments were run at a speed of 500 rpm and a minimum torque of 0.6 Ncm. As the instrument contacted the canal walls, canal space was fi lled with a lubricant (Polytetrafl uoretheen spray, Motip AG, Holland) to reduce friction between the instrument and canal walls. In our lifespan analysis of rotary NiTi endodontic instruments, frictional force between the instrument and canal walls was assumed to be zero. If the frictional force were taken into account (which would more closely resemble the everyday clinical situation), the normal and tangential stresses would constitute the principal stress. This would result in a shorter instrument lifespan.
The artifi cial canal was covered with a glass plate to prevent the instrument from slipping out and to allow visual observation of the instrument during testing. As our mathematical model assumed isothermal conditions, the instrument was rotated for 10 s followed by a cooling period of 10 s. Rotation time was set at 10 s because it was the effective working time needed to achieve complete canal shaping with rotary Ni-Ti instruments 12) . Instrument fracture was by visual discernment; time to fracture was the aggregate sum of rotation times recorded, which was then converted to number of cycles to failure. To determine if statistical difference existed between the groups, the data were subjected to an independent sample t-test (p<0.05).
Fracture fragments were collected for fractographic examination using a scanning electron microscope (SEM; JSM-6460LV, JEOL, Tokyo, Japan). Each was mounted such that its long axis was perpendicular to the SEM sample stage. A general view at ×250 magnifi cation and higher magnifi cation views up to ×3,000 were taken for each fragment sample.
Mathematical model
In our development of a mathematical model for the bending deformation of rotary Ni-Ti endodontic instruments, we leveraged on an equation which determined the maximum normal stress in Ni-Ti wires in pure bending 7) . Results showed that the curvature of root canal had a major infl uence on bending stress, and thus on instrument lifespan. However, results obtained from the relations formulated by Atanackovic and Achenbach 7) and Zbiciak 9) indicated that maximum stress might not necessarily occur at the outer layer of Ni-Ti instruments. On the basis of this observation, we modifi ed the Coffi n-Manson relation 8) . Nickel-titanium alloy is a pseudoelastic material 6, 7, 13, 14) . It deforms with the application of forces and torques and returns to the original shape after the forces and torques are removed (elastic property). However, it does not return along the same path in the σ-ε plane, exhibiting the pseudoelastic hysteresis effect shown in Fig. 3 6, 7, 9, 14) . Further, the rotary Ni-Ti instrument functions as a rotating rod. During one complete revolution, stresses at its outer layers are reversed from tension to compression and vice versa. In other words, its state of stress passes through both loading and unloading phases. During cyclic loading, the positions of loading and unloading paths depend on the number of cycles 13, 15) . The average value of maximum stress corresponding to the upper horizontal line (Fig. 3) was 350 MPa 16) , and the modulus of elasticity for the initial loading path was 70,000 MPa. This led to the conclusion that the strain value at the beginning of "plastic" region was εp=0.005 (Fig. 3) .
The stress-strain diagram shown in Fig. 3 led to a generalized stress-curvature relation for NiTi instruments.
Without going into details, we encapsulated the expression connecting the bending moment and curvature 7) for the loading phase of Ni-Ti rods in Equation (1) . E1I denotes the bending rigidity of the instrument; R2 and R4 are characteristic radii of curvature; and E1 and E2 are moduli of elasticity corresponding to the primal and secondary elastic paths. As stated by Achenbach et al. 6) , the formula showed an important factor in the bending of Ni-Ti rods: the layers subjected to maximum stress need not be the outer ones. In other words, maximum stress in an inner layer might produce voids which are not visible, hence leading to a sudden and unexpected fracture of the instrument.
M=
(1)
Based on relations formulated by Atanackovic and Achenbach 7) and more recently by Zbiciak 9) , it could be said that where maximum stress was at the outer layer of rotary Ni-Ti endodontic instrument, such stress distribution occurred only for small canal curvatures (large R). At this juncture, it is important to highlight that in existing literature, the bending of NiTi instruments was treated with the classical bending stress formulas 17) . However, the classical momentcurvature formula merely constituted the fi rst term of Equation (1), i.e., M=EI/R, pointing to maximum stress at the outer layer of the instrument.
It follows that in the case of large curvatures (relatively small R), Equation (1) shows that maximum stress is not linearly dependent on (1/R).
Since instrument lifespan depends on the maximum stress to which the instrument is exposed, we concluded that the lifespan of Ni-Ti instruments would not be a linear function of curvature (1/R).
To determine the fatigue parameters for Wöhler curve in a stress-controlled experiment, we noted that the following conditions were satisfi ed in our experiments: cyclic stress range ∆σ=σmax−σmin=2σmax, amplitude σa=(σmax−σmin)/2=σmax , and mean stress σm=(σmax+σmin)/2=0. Using the Basquin relation 8) , amplitude σa is related to the number of cycles to failure as follows:
where σ'f is the fatigue stress coeffi cient, a is the fatigue stress exponent, and Nf is the number of cycles to failure. However, Equation (2) was not applicable in the current study as we did not have information on maximum stress. What we did have in the current study was strain cycling 8) , i.e., strain in the instrument changed in a cyclic form in each rotation. On this premise, the strainlife approach 18) was adopted in this study as the best way to examine the fatigue behavior of rotary Ni-Ti instruments. From Meyers & Kumar 8) (see p.718), we had Equation (3) as follows:
where σa is stress amplitude, E is modulus of elasticity, ε'f is ductility coeffi cient, ∆εp is the amplitude of plastic strain, and b is ductility exponent. ∆εp is dependent on the curvature to which the instrument is subjected and the distance y from the neutral axis. Since the cross- Fig. 4(a) ). Transition from fatigue fracture region (left side of image) to fi nal fracture region (dominated by dimples and micro-voids; right side of image) can be seen. (a)
sectional area of the instrument was an equilateral triangle ( Fig. 4(a) ) with side a, the distance of a vertex from the neutral axis is equal to the distance of a vertex to the centroid, i.e., y=a/√ -3. This gave us ∆εp=a/(R√ -3), where a is the side of a triangle at the beginning of canal curvature.
In the case of the instrument shown in Fig. 2 , the largest strain was at the cross-section of the instrument with the largest a subjected to bending. Substituting ∆εp=a/(R√ -3), into Equation (3) yielded Equation (4) as follows:
Equation (4) is valid when there is a "plastic" strain in the instrument (upper horizontal line in Fig. 3) . In this study, experimentally recorded Nf values corresponding to given R and a would be used to determine c and ε'f. Equation (4) might be modifi ed to take into account the total strain in an instrument 8) . This mathematical model was chosen for fi nite element analysis by Cheung et al. 18) to predict the bending fatigue life of Ni-Ti and stainless steel endodontic instruments. In our case, however, the plastic strain determined as ∆εp=a/(R√ -3), became progressively larger than the elastic strain εe, which is typically taken to be εe=0.005 16) .
RESULTS
Statistically signifi cant difference in the average number of cycles to failure (p<0.05) was noted between instruments of Groups I and II (Table 1) . These data confi rmed that an increase in the bending curvature of root canal reduced the cyclic fatigue resistance of rotary Ni-Ti endodontic instruments. Geometric analysis revealed that in Group I, the largest instrument diameter at the beginning of canal curvature was d1=2a/√ -3=1.21mm; in Group II, it was d2=2a/√ -3=0.65mm (Table 1) . Thus, the strains yielded in this experiment were ∆εp=0.0153 and ∆εp=0.029.
Feeding the values of R, a, and Nf corresponding to Groups I and II into Equation (4) (5) is the central result of the current analysis, which showed that for a given curvature radius R and given a (side of the triangular cross-section of instrument, Fig. 4(a) ) at the beginning of canal curvature, the number of revolutions before failure could be determined. In good correlation, Equation (5) and the cyclic fatigue test results of this study unanimously showed that the radius of canal curvature had a major infl uence on cyclic fatigue resistance.
Equation (5) is a generalization of Equation (3) presented by Young and Van Vliet 19) . In a study by Young and Van Vliet 19) which focused on the in vivo failure of Ni-Ti archwires, the specimens used were wires of constant radius (i.e., no taper). With d=constant, a type of Equation (5) was derived. In our mathematical model, a represented the instrument's size at the beginning of canal curvature and which depended on the instrument's geometry: taper of instrument and length of the curved part of instrument. With larger a at the beginning of canal curvature, Equation (5) showed that the instrument would have a shorter fatigue life, which was similarly noted by Plotino et al. 20) . This dependence could be expressed through a quantitative mathematical form, ∆εp=a/(R√ -3). It meant that under the condition that R is constant, a larger bent arc length -i.e., larger a -would result in a shorter lifespan of the tapered rotary Ni-Ti endodontic instrument.
In the present study, experiment condition dictated that the rotary Ni-Ti endodontic instrument fail because of cyclic fatigue. Their failure cause was further confi rmed by the presence of microscopic fatigue striations on the cross-sections of all fractured surfaces. Figure 4(a) shows an SEM image of the fractured surface of a 25/0.06 BioRaCe instrument, which was cyclic fatigue-tested until failure. Figure 4 (b) is a higher magnifi cation view of the region indicated by arrow in Fig. 4(a) . It shows the transition from fatigue fracture region (dominated by fatigue striations; left side of image) to a fi nal fracture region (dominated by dimples and microvoids). Similar images were acquired by Sawaguchi et al. 21) , Figueiredo et al. 22) , Cheung and Darvell 23) , and Li et al. 24) . In their cyclic fatigue evaluation of rotary Ni-Ti endodontic instruments, Li et al. 24) stated that the lifespan of a rotary Ni-Ti instrument could be projected with the knowledge of canal curvature. We wish to add that when the knowledge of canal curvature is coupled with the knowledge of the size of rotary Ni-Ti instrument at the beginning of canal curvature, the instrument's lifespan could be quantitatively predicted.
CONCLUSIONS
Within the limitations of the present study, the following conclusions were drawn:
1. 
